Malate has been noted to be a 'mixed' inhibitor of phosphoenolpyruvate (PEP) carboxylase. The competitive portion of this inhibition appears to be fairly constant regardless of the condition of the enzyme being measured, but the noncompetitive (V-type) inhibition is subject to variation depending on the source of the enzyme, its storage condition, the presence or absence of various ligands, and differences in pH. In the case of the maize (Zea mays L.) phosphoenolpyruvate carboxylase (PEPC), the V-type inhibition by malate is much less pronounced at pH 8 than at pH 7. Examinafton of the response of the maize PEPC to PEP concentration reveals a pronounced cooperativity at pH 8 which is not present at pH 7, and which results in the disappearance of the V-type inhibition at pH 8. The ability of high concentrations of PEP to convert PEPC from a form readily inhibited by malate to one resistant to malate inhibition has been previously demonstrated and we attribute the cooperativity shown at pH 8 to this response to high levels of PEP. Support for this proposal is provided by studies of the enzyme at pH 7 and pH 8 run in 20% glycerol. In this case there was no V-type inhibition of PEPC at either pH. Treatment with 20% glycerol has been shown to result in the aggregation of maize PEPC.
enzyme from C4 plants, 0.006 to 6.2 mm (19, 24, 25, 27) for the CAM enzyme while the C3 enzyme is much less sensitive to malate (8) . This variability stems in part from the changing sensitivity ofthe enzyme to malate, which occurs as a function of time and other factors in the intact cell (1 1, 23, 24) and during storage after extraction (28) . It is also due in part to the fact that the kinetic mechanism of inhibition changes from the purely competitive one found at the time when the enzyme is evaluated as resistant to malate inhibition to a mixed type of inhibition, displaying both a K and a V effect (1, 5, 13) . The V effect produces the inhibition usually observed in physiological studies of inhibition by malate, while the competitive inhibition often goes unnoticed in experimental studies unless for some reason low levels of substrate are present.
The present study has been undertaken as a means of providing a broader base of information concerning the response of PEPC to malate and in the hope that some of the specific characteristics of the enzyme relating to malate inhibition may be revealed. Both a C4 and a CAM enzyme were used in these studies because of earlier indications that the PEPC from these sources differ in some significant ways (23, 28) .
The regulation of PEPC2 is generally agreed (1, 11, 13) to involve in some fashion inhibition of the activity of this enzyme by malate. This is an attractive hypothesis not only because most forms of PEPC are found to be inhibited by malate, but because malate is also a central ingredient of the metabolic processes to which PEPC contributes. It can thus be viewed as a feedback inhibitor whose function is to turn off PEPC at appropriate times. The enzyme has been found to vary greatly in its sensitivity to malate inhibition, and no single mechanism for rendering the enzyme sensitive or insensitive to malate has been identified, although diurnal cycles in sensitivity have been noted (11, 24, 25, 27) , and the presence of other metabolites (5, 26, 27) , phosphorylation or dephosphorylation of PEPC (7) , and aggregation/disaggregation of the enzyme (26, 27, 29) have been postulated to play roles in altering the sensitivity of PEPC to malate inhibition.
Relatively little has been done to improve understanding of the kinetic characteristics of PEPC which may be relevant to its regulation by malate. The Ki for malate has been variously reported as 0.04 to 10 mM (1, 5, 11, 13) for the 
MATERIALS AND METHODS Enzymes
Two forms of PEPC (EC 4.1.1.3) were compared in this study, using methods similar to to those used for the study of PEPC activation by glucose-6-phosphate (23) .
PEPC prepared from Crassula argentea in our laboratory had a specific activity of 23.1 units/mg. Commercial maize (Zea mays L.) leaf enzyme from Calbiochem was also used, small quantities of the lyophilized enzyme being dissolved at a concentration of 2.3 mg/mL in 50 mM Hepes + 1 mM DTT (pH 7.0) (with or without 20% w/v glycerol).
Buffers
The buffers used for varying assay pH over the range from pH 6.0 to pH 9.0 was a mixture of 50 mM Mes, 50 mm Aces, and 50 mM Ches. The buffer salts were dissolved at a concentration of 250 mm each and aliquots adjusted to the desired pH and diluted to a concentration of200 mm each. This stock buffer solution was used to prepare assays at the desired pH by dilution with other assay components to give a total of 150 mm of the three buffers (50 mM each).
Assays
Enzyme activity was measured in 1 mL cells held at 25°C in the sample changing compartment of a Cary model 219 spectrophotometer. The assays followed the disappearance of the 340 nm absorbance of NADH using malate dehydrogenase and lactate dehydrogenase as coupling enzymes (10 The K effect (a 50% increase in Kin) due to malate appears to be the same at both pHs, while the V effect disappears between pH 7.0 and 8.0. An explanation for this striking difference can be deduced from the changes in cooperativity of the enzyme seen in this experiment. The cooperativity, higher at pH 7.0 than at 8.0, is increased in each case by the presence of malate. Since positive cooperativity represents an increasing velocity in response to increasing concentrations of substrate, in this case PEP, it is reasonable to postulate that higher levels of PEP are inducing the formation of a more active tetramer of PEPC in the assay as has been shown to occur during preincubation (19, 26, 27, 29) . The PEP effect on cooperativity is also greater in the presence of malate, (3) 8 where Imax = true maximal inhibition, Ka and Ki are the dissociation constants for activation and inhibition of the enzyme by protonation, and nfa and ni are the slopes of the bell-shaped curve on the activating (right) and inhibiting (left) sides, respectively. This equation was also used for fitting the I'max/Ki data where this ratio was used to estimate kIon for malate binding to PEPC.
RESULTS

Kinetic Response of PEPC to Malate
Maize leaf PEPC has been reported (13) to display under certain conditions both inhibition competitive with PEP and mixed (increased Km and decreased Vmax) inhibition by malate. Similar differences in the type of inhibition caused by malate have been found in the CAM enzyme isolated from Crassula (26) . The maize enzyme has also been noted to be much more resistant to malate inhibition at pH 8.0 than at pH 7.0 (4), but no such striking differences has been found with the CAM enzyme (25, 26 ). which tends to cause dissociation of PEPC (19, 26, 27, 29) ; thus, the increased cooperativity is indicative of the initial presence of a higher level of the relatively inactive dimer both at pH 7 as compared with pH 8 and in the presence of malate at both pHs. This response to high concentrations of PEP at pH 8 increases VImax to a level even higher than the control at that pH or the pH 7 control. At pH 7, while some increase in cooperativity occurs, this is apparently inadequate to overcome the lower Vmax in the presence of malate, which presumably represents the intrinsic activity of an equilibrium of PEPC driven further toward the dimer by the presence of malate at pH 7 than at pH 8. Malate and the higher pH may in other ways condition the enzyme to induce a greater aggregational response to PEP expressed as a higher level of cooperativity.
Although there is a tendency for a decrease in inhibition at higher pHs, the effect of malate on the activity of PEPC from Crassula produces a different response with the amount of inhibition decreasing slowly as the pH is raised from 6.0 to 8.0 with inhibition still at 50% at pH 8 (27) .
pH Profile of Maximal Inhibition by Malate
The activity of both maize and CAM PEPC show fairly flat peaks in the region of pH 7 to 8 or in the case of the maize enzyme, over an even broader range (12) . It is therefore not immediately apparent why there should be such a marked difference in the response of the two enzymes to inhibition by malate at pH 7 and 8. Studies in which the concentration of malate was varied over a range from 0.1 to 10 mm at a single, saturating level of PEP were used to evaluate the response to pH of the inhibitory effect of malate on the two enzymes. The data summarized in Table I were obtained by the two stage process described under "Materials and Methods." The maize enzyme, stored as a freeze-dried powder, was dissolved at a concentration of 2.3 mg protein/mL and used at that concentration. The Crassula enzyme, stored at a concentration of 1.1 mg/mL, was diluted 1/20 to induce an adequate level of V-type sensitivity to malate, to which it was essentially resistant before dilution.
As may be seen in Table I , the Imax value from the fitted line (16) indicates complete inhibition of the maize enzyme with the rise to that value occurring with slopes which appear to show that the protonation of more than one group on the high pH side is required to obtain maximal inhibition and that perhaps more than one protonated group is involved on the low pH side as well. The CAM enzyme, which here reaches (18) (19) (20) . However, is it possible to obtain data from experiments carried out as in Figure 1 which will support the hypothesis that the differential responses seen in Figure 1 and in Table I Figure 1 using enzyme which had been preincubated for 30 min in the standard suspending medium with 20% (w/v) glycerol. The assays were carried out in 20% glycerol as well. The results are summarized in Table III . Since the net effect of this experiment is to show that under these condtions there is no inhibition of Vmax by malate at either pH 7.0 or 8.0, the results are presented as the kinetic parameters obtained by fitting lines to each set of points.
As shown in Table III , the Vmax at pH 7.0 in the presence of malate is slightly, but significantly, higher than that of the control and the Km is slightly, but not significantly, smaller in the presence of malate. The Hill number, which is higher at pH 7 than in Figure 1 , is reduced by the presence of malate. At pH 8.0 there are no significant differences between the control and malate-treated assays with respect to any of the kinetic parameters.
It is of interest and probably indicative of the nature of the changes induced by 20% glycerol that at pH 8.0 the specific activity was nearly twice that found in assays without glycerol (Fig. 1) , and the Km was reduced to about half that found without glycerol. This conforms with our studies of the commercial maize PEPC, which has proven intransigent to further purification, and which, although it shows relatively few impurities in SDS gel electrophoresis, has a specific activity of about 5 units/mg. The effect of glycerol used as a cosolute as in these studies is thought to be to induce aggregation of enzymes by reducing the total volume of solvent water to which the protein can be exposed (3), such aggregation under the influence of glycerol has been demonstrated for PEPC (15, 17) . The present results suggest that the relatively low activity of the commercial maize leaf PEPC preparation is due to the presence of a high proportion of the low activity dimer which can be converted to the more active tetramer by glycerol treatment (15).
The Crassula enzyme, which shows a response to malate at pH 7 and pH 8 different from that of the maize enzyme, seems to be affected by glycerol in much the same way as the maize enzyme. When the CAM enzyme was suspended and assayed in 20% glycerol in the same way as the maize enzyme reported in Table III , the effect was to eliminate any inhibition due to malate at both pH 7 and 8. The glycerol did, however, increase the Vinax at pH 7 by 27% as compared with the same enzyme not treated with glycerol. At both pHs, malate caused a substantial increase in Km, 1.7-fold at pH 7 and 2.7-fold at pH 8.
Another effect of malate on the CAM enzyme when treated with glycerol was to reduce the Hill number, which was 1 for the control lines, to less than 1 at both pH 7 and 8. This negative cooperativity may indicate that the interaction of malate, PEP, and the CAM version of PEPC may be quite different from that postulated for the maize enzyme and may relate to the apparently larger amount of the tetrameric form occurring in the aggregational equilibrium of the CAM enzyme. It is possible that an effect of malate on tetrameric PEPC, as opposed to the dimer, may be to render the tetramer sensitive to disaggregation by PEP and thus induce negative cooperativity.
Evidence for the conclusion that the presence of glycerol and PEP overcome malate inhibition by inducing conversion of PEPC to the malate-resistant tetramer comes from previous work (15, 17, 19, 27) , but it can be supported by other strong, if indirect, evidence.
When Crassula PEPC is assayed at increasing levels of dilution, but with the same amount of enzyme present in each assay, the sensitivity of the enzyme to inhibition by malate increases as shown in Figure 2 . It is apparent that this enzyme, resistant to malate inhibition at the initial concentration (1.1 mg/mL) is progressively rendered more susceptible to malate as it is diluted. Plotting the relative inhibition by malate against fold-dilution gives an array of points which can be fitted to Equation 1 with the results seen in Figure 2 . The fit shows that the peak inhibition is about 80% and that the dilution which produces a half-maximal inhibition is 13.4- fold. The second line in Figure 2 Table III , where 20% glycerol completely prevented the inhibition of a 1/20 diluted enzyme which had shown 70% inhibition in the absence of glycerol. This response to PEP also supports the postulate that the increased positive cooperativity in Figure 1 is due to an effect of PEP on the aggregation of PEPC.
DISCUSSION
Inhibition by malate has been considered a good indicator of changes in PEPC which relate to its regulation whether diurnally (5, 11, (24) (25) (26) , by phosphorylation (7), by pH changes (26, 27) , or under the influence of other ligands (27, 29) . The results of this study raise questions about all these possibilities. The shift from strong V-type inhibition to none occurs over a rather small pH change with the maize leaf enzyme, but the effect of pH is much less pronounced with the CAM enzyme where one might suppose PEPC is more likely to encounter changes in cellular pH. Although there is a possibility that kinases or phosphatases may exist in the partially purified maize enzyme, no phosphates other than PEP were present in the assays used here, and the effect of glycerol in eliminating malate inhibition (Table III) is difficult to relate to phosphorylation. The same ligands were present in all assays and except for the effects of Mg, malate, and PEP, discussed below, none are known to regulate PEPC.
In summary, we believe that the results of this study, which show striking differences in the sensitivity of PEPC to malate, are best explained by invoking the concept of a low activity dimer in equilibrium with a high activity tetramer. This difference was found between enzyme prepared from CAM leaves gathered just before daylight or late in the afternoon (26) , and the convertibility of the dimer to the tetramer and the resistance of the tetramer to malate inhibition and the susceptibility of the dimer to malate has been demonstrated (19, 20, 27, 29) .
A number of ligands have been reported to affect the inhibition pf PEPC by malate (1, 5, 6, 9, 11, 13, 18) . Of these malate, PEP, Mg2+, DTT and EDTA (26, 27) , and ionic strength (18) have been shown to influence the aggregation/ disaggregation equilibrium of PEPC. The exposure of the purified enzyme to malate resulted in disaggregation of the tetramer, while treatment with PEP causes shifts toward the tetrameric form of the enzyme (19) . Magnesium favors aggregation, while EDTA disagagregates the enzyme, presumably by chelation of magnesium, and DTT seems to assist in aggregation (27) .
These earlier observations are compatible with the effects seen in the present study. We believe that the oligomerizing effect of PEP is expressed in Figure 1 as a positive cooperativity and that this influence of PEP is carried further at pH 8 than at 7, resulting in the complete overcoming of the Vmax effect of malate at the higher pH. If the effect of aggregating the enzyme is to increase its total activity, then if it is reasonable to consider that the Vmax inhibition by malate is due to the conversion of PEPC to a low activity (or inactive) dimer.
This explanation of the mechanism of malate inhibition is consistent with the effect of glycerol in preventing inhibition by malate, presumably by inducing conversion of most or all of the enzyme to a tetramer without need for enhancing the aggregation by PEP. The doubling of the notoriously low activity of the commercial maize leaf PEPC by glycerol gives further support to this suggestion.
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